The importance of micro-region analyses in the fields of semiconductors and biomaterials has been increasing. In general, SEM/EDS are used for elemental analysis of micro regions. However, SEM/EDS requires time-consuming sample pretreatment. In contrast, x-ray fluorescence spectrometry (XRF) has unique advantages, such as enabling nondestructive analysis at ambient air pressure without sample pretreatment. However, it is difficult to obtain an x-ray microbeam using a method of converging visible light such as an optical lens and optical mirror because the refractive index of an x-ray is close to unity. Developments in manufacturing x-ray focusing optics such as doubly curved crystal (DCC) optics [1] [2] [3] and monocapillary [4] [5] [6] [7] and polycapillary x-ray optics [8] [9] [10] have enabled the analysis of small regions of a sample in XRF studies.
In particular, the polycapillary x-ray lens was very important in the development of a micro-XRF instrument (m-XRF) because it facilitates the achievement of a highly intense, small x-ray beam by using a compact x-ray tube in the laboratory. [11] [12] [13] [14] [15] The polycapillary x-ray lens consists of several hundred thousand glass capillaries. Because the individual capillaries can capture the x-rays that emerge from an x-ray source with large solid angles by means of total external reflection, a polycapillary x-ray lens can provide a highly focused x-ray beam in a small area.
Many applications using polycapillary x-ray lens have been developed. Recently, a confocal 3D m-XRF analysis combined with two polycapillary x-ray lenses [16] [17] [18] and with two capillaries 19 has been reported. In Ref. 19, Woll et al. reported that the confocal volume of a confocal 3D m-XRF had an energy dependence that originated from a polycapillary x-ray lens. Therefore, it is important to understand clearly the characteristics of the polycapillary lens. The fundamental characteristics of the polycapillary x-ray optics, such as flux density gain, transmission efficiency, and focal spot size, have been investigated in numerous reports. 6, [20] [21] [22] [23] [24] Our group also studied the fundamental characteristics of polycapillary x-ray optics in the laboratory. 24 The output focal distance (OFD), which is generally called the working distance, is one of important parameters of polycapillary x-ray optics. By applying the axial scanning method, Sun et al. reported that the focal spot size and the OFD depend on the x-ray energy. 25, 26 We investigated the properties of the polycapillary x-ray lens that can be used in the laboratory. Because we think that effective focal spot sizes, which are related to analyzing volume depending on elements in the actual sample, can be estimated by the wire scanning method, 10 three wires were prepared, and spot sizes were estimated by using a wire scanning method. The energy dependence of the focal spot size and the OFD were analyzed. Figure 1 shows our experimental setup for m-XRF analysis. An x-ray tube with a Mo target was used (MCBM 50-0.6B, rtw, Germany) (Focal spot size: 50 ¥ 50 mm in accordance to EN standards (EN12543-5/1999, 0.1-mm-thick beryllium)). The x-ray tube was operated at a tube voltage of 50 kV, and the tube current was adjusted according to the experimental setup (Fig. 1a , 0.5 mA; Fig. 1b We investigated x-ray energy distribution in an x-ray microbeam produced by a polycapillary x-ray lens in combination with a sealed-type x-ray tube. This polycapillary x-ray lens has an output focal distance (OFD) of approximately 15 mm. The size of the x-ray microbeam and its OFD were estimated by using a wire scanning method. In our case, the sizes of the x-ray microbeams at the output focal distance were 49 mm for Mo La, 36 mm for W La, and 28 mm for Mo Ka. The spot sizes depend on the energy of the x-ray fluorescence. The reason for the energy dependence is that x-ray capillary optics is based on the principle of propagation through glass capillaries by means of x-ray total external reflection. The evaluated OFD values of Mo La and Mo Ka were slightly changed in 17 mm. However, a deviation of 100 mm from the OFD caused only a 3% increase of the focal spot size. Therefore, we concluded that the OFD showed no significant dependence on x-ray energy. Nuclear Physics at Beijing Normal University. The designed length, input focal distance, and output focal distance were 48.9, 34.6, and 15.3 mm, respectively, for Mo Ka. The polycapillary x-ray lens was attached to the Mo x-ray tube. A silicon drift detector (Silicon drift detector (SDD); X-Flash Detector Type 1001 Bruker AXS Microanalysis GmbH, Germany) (sensitive area, 10 mm 2 ; energy resolution, <150 eV at 5.9 keV; maximum count rate, 1000000 cps) was used for the measurement of x-rays. The SDD was placed approximately 20 mm from the sample. The sample stage was placed on an X-Y-Z stage (YA05A-R1 (X-Y stage) and ZA05A-V1 (Z stage); Kohzu Precision, Japan). Each positioning stage was controlled at 1-mm steps by stepping motors driven by a computer. Motor drivers and a motor controller (NT2400, Laboratory Equipment Co., Japan) were used to control the sample stage. Wires were used to estimate the spot size of the x-ray microbeam (Fig. 1a) . Tungsten (10 mm in diameter), Nichrome (Ni:Cr = 7:3, 15 mm in diameter), and molybdenum (13 mm in diameter) wires were used. A tantalum slit (width, 0.1 mm) was attached to the SDD in order to control the incident x-rays (Fig. 1b) .
Experimental

Results and Discussion
Evaluation of focal spot size of the x-ray microbeam
The focal spot size of the x-ray microbeam was estimated by the wire scanning method, as shown in the setup in Fig. 1a . The W, Ni-Cr, and Mo wires were stretched perpendicularly to the x-ray beam at the focal point of the polycapillary x-ray lens. These wires were scanned perpendicularly to the x-ray beam (Fig. 1a, Z axis) . The intensity of the x-ray fluorescence was recorded as a function of the wire position. The minimum step size was 2 mm, and the measuring time was 30 s for each step. Figure 2 shows the intensity profiles of Mo La, W La, and Mo Ka as a function of scanned distance. The measured spot sizes (FWHM value) were 49 mm for Mo La, 36 mm for W La, and 28 mm for Mo Ka; the sizes depend on the energy of the x-ray fluorescence. Considering that Mo La, W La, and Mo Ka are effectively excited with the lower, middle and higher energy portion of incident x-rays, one may attribute the difference of the measured x-ray microbeam sizes to the energy dependence of the beam profile at the focal point.
Here, the measured spot sizes were the convolution of the wire diameter and the actual beam size. Therefore, the spot sizes were evaluated by using the following equation: 10
where Sb is the estimated spot size, S is the experimentally obtained spot size, and Twire is the wire diameter. As shown in Table 1 , the spot sizes tended to decrease with an increase in the energy of the x-ray fluorescence. The result is in good agreement with a previous report.
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Analysis of primary x-rays focused by polycapillary x-ray lens As stated previously, the beam sizes depend on the energy of the x-ray fluorescence. To confirm the reason for this phenomena, we measured the x-rays converged with a polycapillary x-ray lens at the focal point of the polycapillary x-ray lens. The SDD was placed with the slits at the focal point (Fig. 1b) . The SDD was scanned perpendicularly to the x-ray beam (Fig. 1b, Y-Z axis) by using the YZ stages, and the intensity values of the incident x-rays were recorded as a function of the SDD position. Figure 3a is a 2D mapping image of Mo La obtained at the focal point. As expected, the Mo La intensity at the center of the x-ray microbeam was the strongest. The intensity profiles of Mo La and Mo Ka as a function of scanned distance (Fig. 3a , line I -II) were fitted with Gaussian curves, as shown in Fig. 3b . The FWHM values of their intensity profiles were 204 mm for Mo La and 124 mm for Mo Ka. This result indicated that the sizes of the focused primary x-rays had different values depending on the x-ray energy.
As shown in Fig. 3c , the x-ray spectra were measured at the points of the strongest intensity (Fig. 3a, i ) and the weakest intensity (Fig. 3a, ii) in line I -II, and were normalized by the maximum intensity of the continuous x-rays. As shown in Fig. 3c , the normalized Mo Ka intensity of point ii was stronger than that of point i. However, this trend was inverted for the normalized intensity of Mo La. Moreover, the proportion of the high-energy continuous x-rays decreased at point ii.
These results could be caused by the fact that the x-ray capillary optics is based on the principle of propagation through glass capillaries by means of total external reflection. The critical angle (qc) for total external reflection is approximately given by the following equation:
where E is the x-ray energy, Z is the atomic number, r is the density of the capillary, and A is the atomic weight. The lower the x-ray energy is, the larger the critical angle becomes. That is, the divergence of the x-ray beam obtained by one capillary in the polycapillary bundle was large with a low-energy x-ray, and small with a high-energy x-ray. As shown in Fig. 3d , therefore, a low-energy x-ray has a wider distribution at the focal point than does a high-energy x-ray. As stated above, since all the focused x-rays have different distributions of energy, the evaluated spot sizes depend on the energy of the x-ray fluorescence.
Estimation of output focal distance and profile of x-ray microbeams
We investigated the energy dependency of the OFD by using the wire scanning method, as shown in the setup in Fig. 1a . The x-ray fluorescence was measured as the W and Mo wires were scanned parallel to the x-ray beam (Fig. 1a, Y axis) . The positions of the maximum intensities of W La, Mo La, and Mo Ka were obtained. The spot sizes were estimated by the scanning wires with 100-mm steps (Fig. 1a, Y axis) from each position of maximum intensity (Fig. 4) . When the position of minimum spot size was defined as the focal point, the OFD values of W La, Mo La, and Mo Ka were slightly changed. For example, the difference of the OFD values evaluated for Mo La and Mo Ka was approximately 17 mm. However, a deviation of 100 mm from the OFD caused only 3% increase of the focal spot size. This result indicates that the spot sizes of the x-ray microbeam were almost identical near the OFD.
To confirm the result, we performed the same experiment by using another polycapillary x-ray lens. The polycapillary x-ray Fig. 5 , the OFD value of Mo Ka was slightly longer than that of Mo La (approximately 70 mm). However, a deviation of 100 mm from the OFD caused less than 1% increase of the focal spot size and less than 1% decrease of the x-ray intensity at the OFD, as shown in Fig. 5 . Near the OFD, both the intensities and the spot sizes of the x-ray microbeam were roughly the same.
From experimental results obtained for two polycapillary x-ray lens, we concluded that the OFD showed no significant dependence on x-ray energy.
Conclusion
We studied the focal spot size of the x-ray microbeam and OFD focused by a polycapillary x-ray lens and estimated them by the wire scanning method. The OFD showed no significant dependence on x-ray energy. However, the spot size of the x-ray microbeam at the focal point depended on the energy of the x-ray fluorescence. This indicates that the spatial resolution varies with the analyzed element. Actually, different resolutions in 2D elemental images for Cr and Fe have been reported. 27 Also, in the confocal 3D m-XRF analysis using the polycapillary x-ray lens, the depth resolution depends on the energy of the x-ray fluorescence. 28 To improve the study of energy dependence, we reported on an experiment that made use of a cutoff filter. 27 This is an easy and useful method of decreasing and standardizing the size of an x-ray microbeam in laboratory x-ray sources. 
